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Developmental Regulation of Neuronal
K1 Channels by Target-Derived TGFb
In Vivo and In Vitro
form synapses with target tissues (Landmesser and Pi-
lar, 1974, 1978; Narayanan and Narayanan, 1981; Meri-
ney and Pilar, 1987). CG neurons that develop in vivo
in the absence of either preganglionic innervation or
normal target tissues fail to express significant macro-
Jill S. Cameron, Loic Lhuillier, Priya Subramony,²
and Stuart E. Dryer*
Department of Biology and Biochemistry
University of Houston
Houston, Texas 77204
scopic KCa (Dourado et al., 1994). A similar effect is ob-
served when CG neurons are dissociated at E9 and
maintained in culture for 4 days in the absence of trophic
Summary factors or other cell types (Dourado and Dryer, 1992;
Subramony et al., 1996; Subramony and Dryer, 1997).
The functional expression of Ca21-activated K1 chan- These results indicate that interactions with other cells,
nels (KCa) in developing chick ciliary ganglion (CG) including the target tissues, are necessary for the ex-
neurons requires interactions with target tissues and pression of normal macroscopic KCa.preganglionic innervation. Here, we show that the stimu- We have previously shown that a soluble factor pres-
latory effects of target tissues are mediated by an ent in aqueous extracts of the E9±E17 chick iris, a normal
isoform of TGFb. Exposure of cultured CG neurons target tissue for CG neurons, can stimulate the func-
to TGFb1, but not TGFb2 or TGFb3, caused robust tional expression of macroscopic KCa in chick CG neu-stimulation of KCa. The KCa stimulatory effects of target rons developing in vitro (Subramony et al., 1996). This
tissue extracts were blocked by a neutralizing pan- factor acts at a posttranslational level on preexisting KCaTGFb antiserum but not by specific TGFb2 or TGFb3 channels encoded at least in part by the slowpoke (slo)
antisera. Intraocular injection of TGFb1 caused robust gene. The purpose of the present study was to identify
stimulation of KCa, whereas intraocular injection of the KCa stimulatory factor in iris extracts and to determinepan-TGFb antiserum inhibited expression of KCa in CG whether this factor regulates KCa expression in CG neu-neurons developing in vivo. The effects of TGFb1 were rons developing in vivo. We now show that this factor
potentiated by b-neuregulin-1, a differentiation factor is an avian isoform of TGFb and that it is essential for
expressed in preganglionic neurons. normal KCa expression in CG neurons developing in vivo.
In addition, we show that the stimulatory effects of
Introduction TGFb1 are markedly potentiated by b-neuregulin-1, a
preganglionic nerve terminal±derived factor that also
The differentiation of vertebrate neurons is regulated stimulates the functional expression of KCa in chick CG
by inductive interactions with other cell types. These neurons developing in vitro (Subramony and Dryer,
interactions are typically mediated by soluble differenti- 1997). These observations suggest a model in which the
ation factors, which act to regulate cell survival, chemo- combined actions of small amounts of nerve terminal±
sensitivity, choice of neurotransmitter, and other pheno- derived b-neuregulin-1 and target-derived TGFb are re-
typic traits. An important property of fully differentiated quired for the functional expression of macroscopic KCa.
neurons is their intrinsic electrophysiological pheno-
type, which plays a direct role in the transmission of
Results
impulses and the processing of information. Populations
of neurons often differ in their intrinsic electrophysiologi-
TGFb1 Evokes Posttranslational Stimulation
cal properties owing to the expression of different en-
of Macroscopic KCa in Chick CGsembles and spatial distributions of ionic channels. In
Neurons Developing In Vitro
particular, expression of various types of Ca21-activated
We have previously shown that aqueous extracts of the
K1 channels (KCa) can result in a more specialized elec- iris stimulate the functional expression of whole-cell KCatrophysiological phenotype (reviewed by Kaczorowski
by posttranslational mechanisms in chick CG neurons
et al., 1996; Sah, 1996; Gribkoff et al., 1997). Therefore,
developing in vitro (Subramony et al., 1996). A clue to
it is important to examine the factors that regulate the
the identity of the active factor emerged from the obser-
expression of these channels during embryonic devel-
vation that KCa stimulatory activity was enhanced in irisopment.
extracts previously exposed to acidic (pH 3.0 for 1 hr)
The developmental expression of macroscopic KCa or alkaline (pH 8.0 for 2 hr) conditions prior to application
of chick ciliary ganglion (CG) neurons is regulated by
to cultured cells (data not shown). These observations
cell±cell interactions. This current is first detectable at
suggested that the KCa stimulatory factor in the iris isembryonic day 8±9 (E8±E9) and reaches maximum cur-
expressed in a latent form that can be activated by
rent density by E13 (Dourado and Dryer, 1992), coincid-
extremes of pH. The various isoforms of TGFb are well
ing with the developmental stages at which CG neurons
known to exhibit this type of behavior (Lawrence et al.,
1985; Harpel et al., 1992; Ghosh and Brauer, 1996).
Therefore, CG neurons were isolated at E9 and main-
* To whom correspondence should be addressed (e-mail: SDryer@
tained in vitro for 12 hr in the presence and absence ofuh.edu).
recombinant TGFb1, TGFb2, or TGFb3. Neurons cul-² Present address: Department of Zoology, University of Texas, Aus-
tin, Texas 78712. tured in the presence of 200 pM to 1 nM TGFb1 exhibited
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Figure 1. Effects of TGFb Isoforms on the
Functional Expression of Macroscopic KCa in
CG Neurons Developing In Vitro
E9 CG neurons were dissociated and cultured
for 12 hr in the presence and absence of re-
combinant growth factors.
(A) Representative examples of whole-cell KCa
in E9 CG neurons cultured in the presence
(top) and absence (bottom) of 1 nM recombi-
nant human TGFb1. Traces to the left are cur-
rents evoked by a depolarizing step to 0 mV
from a holding potential of 240 mV in normal
external saline (Con) and in Ca21-free external
saline, as indicated. Net Ca21-dependent cur-
rents obtained by digital subtraction (Con 2
Ca21-free) are shown to the right. Note much
larger Ca21-dependent outward current in
neuron cultured in the presence of TGFb1.
(B) Summary of results from many cells. Ap-
plication of 1 nM TGFb1 for 12 hr caused a
robust stimulation of KCa with the resulting
mean current densities significantly greater
than controls. This effect was also observed
when TGFb1 was applied in the continuous
presence of the translational inhibitor aniso-
mycin (0.1 mg/ml).
(C) Application of recombinant human TGFb2
(1 nM and 5 nM) or TGFb3 (1 nM and 5 nM)
for 12 hr did not cause significant stimulation of whole-cell KCa. In this and subsequent figures, bars indicate mean current density 6 SEM,
asterisks indicate a significant difference from controls (p , 0.05), and numbers in parentheses indicate the number of neurons tested in each
group.
a large whole-cell KCa (Figures 1A and 1B), with the re- steady-state behavior of the KCa channels. For example,
this effect could have resulted from changes in intracel-sulting current densities approaching those observed
in CG neurons isolated acutely at E13 (Subramony et lular Ca21 dynamics or in the colocalization of KCa and
voltage-activated Ca21 channels (Roberts et al., 1990;al., 1996). Neurons cultured for 12 hr in the absence of
TGFb1 had a small or undetectable KCa. Thus, this iso- Gola and Crest, 1993; Wisgirda and Dryer, 1994). In these
experiments, CG neurons were dissociated at E9 andform is sufficient for stimulation of KCa. Exposure of E9
CG neurons to 1 nM TGFb1 for 1 hr did not produce cultured for 12 hr in the presence or absence of 1 nM
recombinant TGFb1. Recordings were also made fromsignificant stimulation of whole-cell KCa (data not shown),
consistent with our previous results with iris extracts E9 CG neurons cultured for 12 hr in the presence of
iris extracts. Inside-out patches were excised from CG(Subramony et al., 1996). The stimulatory effects of 12
hr exposure to 1 nM TGFb1 were also observed in culture neurons and channel activity was observed during expo-
sure of the cytoplasmic face of the patch membrane tomedia containing 0.1 mg/ml of the translational inhibitor
anisomycin (Figure 1B), a high concentration that we 5 mM free Ca21. In these experiments, pipette solutions
contained 37.5 mM KCl, the bath saline contained 150have previously shown to inhibit .98% of the incorpora-
tion of labeled amino acids into new proteins (Subra- mM KCl, and the patches were held at 125 mV through-
out most of the experiment. Note that these ionic gradi-mony et al., 1996). This indicates that the stimulatory
effects of TGFb1 are posttranslational, i.e., they are ex- ents are different from those used in previous studies
from our laboratory (Dryer, 1991; Dryer et al., 1991; Su-erted on preexisting KCa channels. In contrast, 12 hr
treatment of E9 CG neurons with 1 nM or 5 nM TGFb2 bramony and Dryer, 1997) and caused the unitary con-
ductances of large-conductance KCa channels in theor TGFb3 did not produce a significant stimulation of
macroscopic KCa compared to controls cultured in the present study to be lower than those described pre-
viously, as expected from constant-field considerations.absence of factor (Figure 1C). Culturing CG neurons with
1 nM TGFb1 had no effect on the amplitude or density Patches from control E9 CG neurons were quiescent
upon excision into Ca21-free salines containing 10 mMof voltage-activated Ca21 currents compared to controls
(data not shown). EGTA. Large-conductance (115 pS) KCa channels were
detected in 7 out of 14 patches upon exposure of the
cytoplasmic face of the patch membrane to 5 mM freeTGFb1 and Iris Extracts Stimulate the Functional
Expression of Large-Conductance KCa Channels Ca21 (Figures 2A and 2B). However, in no case was more
than one 115 pS channel detected in any one patchMature (E13) CG neurons express large-conductance
KCa channels (Dryer et al., 1991; Dryer, 1994, 1998) and (based on maximum current amplitudes observed in 5
mM Ca21). Quantitative analyses were performed at aslo transcripts (Subramony et al., 1996). Although the
experiments described above indicate that TGFb1 can holding potential of 125 mV in 5 mM free Ca21. Additional
KCa channels were not detected with greater depolariza-stimulate macroscopic KCa in developing CG neurons,
they do not indicate if this effect entails changes in the tion, and we noted in some patches that 10 mM free Ca21
TGFb and K1 Channel Regulation
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Figure 2. Effects of 12 hr TGFb1 Treatment
on Functional Properties of 115 pS KCa Chan-
nels in Inside-Out Patches Excised from CG
Neurons Developing In Vitro
E9 CG neurons were cultured for 12 hr in con-
trol medium, in medium containing 1 nM
TGFb1, or in medium containing 3% iris ex-
tract, as indicated. Cells were then used for
electrophysiology.
(A) Representative recordings of 115 pS KCa
channels at 125 mV. Closed and open states
are indicated to the right of the traces. Traces
to the left show unitary currents after patch
excision into Ca21-free salines containing 10
mM EGTA. Traces to the right show activity
of KCa channels after exposure of patches to
salines containing 5 mM free Ca21. Traces
from a control neuron (top) show an increase
in activity of a single KCa channel after expo-
sure to 5 mM free Ca21. Patches excised from
TGFb1- (middle) and iris extract± (bottom)
treated CG cells exhibit an increase in the
activity of at least three KCa channels after
exposure to 5 mM free Ca21.
(B) Summary of data from many inside-out
patches. Ordinate represents the mean of the
maximum number of 115 pS KCa channels
observed in the presence of 5 mM free Ca21
at 125 mV. Additional channels were not de-
tected with greater patch depolarization. Num-
bers in parentheses indicate the number of
patches tested in each group. Note signifi-
cant stimulation of functional expression of
KCa channels by TGFb1 and iris extract.
(C) Current±voltage relationship of KCa chan-
nels in CG neurons. Recording shown is from
a TGFb1-treated cell and contains two 115 pS KCa channels activated by bath application of 5 mM Ca21. The data consist of six superimposed
traces obtained during ramp voltage commands (290 mV to 140 mV at 0.6 V/s). Superimposed hollow circles show unitary current amplitudes
measured in the same patch at various constant holding potentials. Note extrapolated reversal potential close to calculated EK (235 mV) and
voltage-dependent gating.
also failed to recruit additional channels. In contrast, a It should be noted that we previously reported that
some E9 CG neurons express a 285 pS K1 channel thatmuch higher density of 115 pS KCa channels was de-
tected in patches excised from TGFb1- or iris extract± opens spontaneously in the absence of Ca21 (Subra-
mony and Dryer, 1997). For reasons that remain unclear,treated E9 neurons (Figures 2A and 2B). Application of
5 mM free Ca21 caused activation of 115 pS channels this type of very high conductance K1 channel was not
observed in the present study, even though the cellin all of the patches tested (n 5 13 in each treatment
group), and more than one channel was detected in culture protocols in our laboratory have not been con-
sciously altered. It is unlikely that this is due to themost of these patches. The mean number of 115 pS
KCa channels detected per patch (N) in TGFb1- or iris altered ionic gradients used during the present re-
cordings.extract±treated cells was significantly (p , 0.005) greater
than in control neurons (Figure 2B), and the difference
was in excellent agreement with results obtained from The KCa Stimulatory Effects of Iris Extracts Are Blocked
by a Neutralizing Polyclonal Pan-TGFb Antiserumwhole-cell recordings (Figure 1B). By contrast, TGFb1
or iris extract treatment had no effect on the probability and Are Occluded by TGFb1
If the KCa stimulatory effects of iris extracts are mediatedof finding individual channels open (Po). Mean Po was
0.081 6 0.024 in control cells, 0.076 6 0.019 in TGFb- by an isoform of TGFb, then one would expect these
effects to be inhibited by neutralizing antibodies di-treated cells, and 0.100 6 0.018 in iris extract±treated
cells (mean 6 SEM, p . 0.05, one-way ANOVA). Further, rected against those growth factors. That proved to be
the case. Aliquots of iris extracts were treated overnightno significant effect was observed on mean burst dura-
tion (data not shown). These channels reversed close at 48C with a commercially available neutralizing antise-
rum directed against TGFb. The technical specificationsto the calculated EK (235 mV) in all of the patches where
they were present, and gating of the KCa channels was of the antiserum indicate approximately equivalent reac-
tivity against TGFb1, TGFb2, and TGFb3 but no detect-voltage dependent (Figure 2C). These results confirm
that the effects of TGFb1 and iris extracts entail some able cross-reactivity with more than 100 other cytokines
and growth factors, including several members of themodification of KCa channels and cannot be attributed
to changes in intracellular Ca21 dynamics or some other TGFb superfamily. Control aliquots of the same prepara-
tions of iris extracts were kept overnight in the absenceindirect effect.
Neuron
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Figure 3. Effects of Neutralizing TGFb Anti-
sera and TGFb1 on KCa Stimulation Evoked
by Iris Extracts
(A) A pan-TGFb antiserum blocks the stimula-
tory actions of iris extracts. Chick iris extracts
were incubated overnight at 48C in the pres-
ence and absence of a commercially avail-
able pan-TGFb neutralizing antiserum. Chick
CG neurons were then dissociated at E9 and
cultured for 12 hr in control medium, in me-
dium containing antiserum-treated iris ex-
tracts, or in medium containing normal iris
extracts. Functional expression of KCa was
quantified using whole-cell recordings. Note
robust stimulation of KCa by normal iris ex-
tracts. In contrast, KCa expression in cells
treated with antiserum-neutralized iris ex-
tracts was not significantly different from that
of neurons cultured in the absence of iris ex-
tracts. Treatment with TGFb antiserum alone
had no effect on KCa.
(B) Neutralizing antisera specific for TGFb2
and TGFb3, alone or combined, have no ef-
fect on KCa stimulation by iris extracts. Experi-
mental design as in [A]. In the above experi-
ments, application of neutralizing antisera by
themselves did not stimulate KCa (data not
shown).
(C) TGFb1 occludes the response to iris ex-
tracts. CG neurons were cultured for 12 hr in
the presence of iris extracts, 1 nM TGFb1, or
a combination of 1 nM TGFb1 and iris extracts. Control neurons were cultured in the absence of factors. All three treatment groups evoked
a significant stimulation of KCa compared to controls. However, the combination of TGFb1 and iris extracts did not produce greater KCa
stimulation than either factor applied alone. Throughout this figure, asterisks indicate KCa expression significantly (p , 0.05) greater than in
control neurons not treated with iris extracts or TGFb.
of neutralizing antiserum. E9 CG neurons were then cul- 3C). In these experiments, CG neurons were isolated at
E9 and cultured in the presence of iris extracts, 1 nMtured for 12 hr in the presence or absence of normal iris
extracts, in the presence of iris extracts exposed to TGFb1, or a combination of iris extracts and 1 nM TGFb1.
Control neurons did not receive any factors. The combi-neutralizing pan-TGFb antiserum, or in the presence of
neutralizing antiserum in the absence of iris extracts. nation of iris extract and TGFb1 did not produce stimula-
tion of KCa that was greater than that evoked by eitherThe functional expression of KCa was then quantified
using whole-cell recordings (Figure 3A). As described factor applied in isolation, but KCa expression in all three
treatment groups was significantly (p , 0.001) greaterpreviously (Subramony et al., 1996), treatment with nor-
mal iris extracts caused a robust stimulation of macro- than controls cultured in the absence of factors.
scopic KCa compared to controls. However, iris extracts
previously exposed to pan-TGFb antiserum did not Intraocular Injection of TGFb1 Stimulates
Functional KCa Expression in CGevoke a statistically significant stimulation of KCa. Treat-
ment with pan-TGFb antiserum alone had no effect on Neurons Developing In Vivo
The experiments described above indicate that TGFb1KCa. These results indicate that some isoform of TGFb
is a necessary component of the iris extracts. can stimulate KCa expression in CG neurons developing
in vitro. However, dissociated cell culture is an abnormalIn a similar series of experiments, iris extracts were
treated overnight with commercially available neutraliz- environment. In particular, cultured CG neurons were
exposed to growth factors along their entire surface,ing antisera specific for TGFb2 and TGFb3. These anti-
sera have ,5% cross-reactivity with other TGFb isoforms whereas during normal in vivo development it is only
the axons and nerve terminals that have any contactand no cross-reactivity with other cytokines. Neither of
these antisera, alone or combined, had a significant with target tissues. Moreover, the actions of TGFb are
notoriously dependent on culture conditions (for exam-effect on the KCa stimulatory activity of iris extracts, indi-
cating that these isoforms are not necessary compo- ples, see Martinou et al., 1990; Kane et al., 1996). If TGFb
functions as a target-derived factor, than it should benents of the iris extract (Figure 3B). Together with the
observation that TGFb2 and TGFb3 are not sufficient to able to stimulate KCa expression in CG neurons devel-
oping in vivo. For these experiments, we utilized a shell-stimulate KCa expression (Figure 1C), this suggests that
the essential component of iris extracts is an avian or- less culture system that made the embryos highly acces-
sible for pharmacological manipulation. This ex ovotholog of TGFb1. Neither antiserum had any effect on
KCa when applied in the absence of iris extracts (data chick embryo culture system has been described else-
where (Dunn et al., 1981; Finn et al., 1998). Staging ofnot shown). Further, 1 nM TGFb1 was able to fully oc-
clude the KCa stimulatory effects of iris extracts (Figure the ex ovo embryos (Hamburger and Hamilton, 1951)
TGFb and K1 Channel Regulation
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Figure 5. Intraocular Injection of Pan-TGFb Neutralizing Antiserum
Inhibits Normal Developmental Increases in KCa that Occur duringFigure 4. Stimulation of the Functional Expression of KCa by In Vivo
In Vivo DevelopmentApplication of TGFb1
These experiments were performed on embryos developing in shell-All of the CG neurons in these experiments were isolated acutely
less culture. Whole-cell recordings were made from CG neuronsfrom embryos developing in shell-less culture. Injection of recombi-
isolated acutely at E11 after ipsilateral intraocular injection of eithernant TGFb1 into one eye of E8 chick embryos evoked a large in-
saline, nonimmune serum, or pan-TGFb neutralizing antiserum atcrease in KCa expression, as determined by whole-cell recordings
E9. Data in each group were obtained from at least four embryos.from CG neurons isolated acutely at E9 from the ganglion ipsilateral
to the injection. The resulting current densities are comparable to
those observed in CG neurons isolated acutely at E13 from unin-
jected embryos. Note low mean KCa density in E9 CG neurons iso- isolated acutely and KCa quantified by whole-cell re-
lated from uninjected or vehicle-injected control E9 embryos, and cording. Intraocular injection of pan-TGFb neutralizing
from CG neurons isolated from the ganglion contralateral to the
antiserum completely blocked the normal develop-TGFb-injected eye. Data in each group were obtained from a mini-
mental increases in the functional expression of KCa inmum of four embryos.
CG neurons. By contrast, CG neurons from embryos
injected with vehicle or nonimmune serum exhibited ro-
bust developmental increases in KCa (Figure 5). Theseindicated normal gross morphology between E8 and
results indicate that TGFb secreted from tissues in theE13. Further, CG neurons isolated acutely from embryos
eye is essential for normal KCa expression in CG neuronsin shell-less culture exhibit fully normal developmental
developing in vivo.changes in KCa expression between E9 and E13 (Figure
4). In order to test the hypothesis, recombinant TGFb1
or saline vehicle was injected into one eye at E8 by The KCa Stimulatory Effects of TGFb1 Are
Potentiated by b-Neuregulin-1means of a fine glass micropipette. The embryos were
then allowed to develop for an additional day, at which The results described above and previously (Subramony
et al., 1996; Subramony and Dryer, 1997) indicate thattime CG neurons from the injected side were dissociated
acutely (at E9) and the functional expression of KCa was KCa stimulatory factors expressed in either preganglionic
nerve terminals or target tissues by themselves canquantified by whole-cell recording (Figure 4). For com-
parison, recordings were also made from E9 neurons evoke full stimulation of macroscopic KCa in chick CG
neurons developing in vitro. These results are paradoxi-isolated from the CG contralateral to the side of the
TGFb1 injection. Intraocular injection of TGFb1 evoked cal, because interactions with preganglionic nerve ter-
minals and target tissues are both required for functionala robust stimulation of whole-cell KCa in E9 CG neurons
isolated from the injected side. In contrast, E9 neurons expression of KCa in chick CG neurons developing in
vivo (Dourado et al., 1994). The trophic effects of pregan-from vehicle-injected and uninjected embryos, and E9
neurons from the CG contralateral to the TGFb1 injec- glionic nerve terminals are not activity dependent (Su-
bramony and Dryer, 1996). In order to reconcile thesetion, expressed a small or undetectable KCa (Figure 4).
These results indicate that the stimulatory effects of observations, we hypothesized that active forms of
nerve terminal± and target-derived factors are presentTGFb1 are exerted locally on CG cell axons or nerve
terminals and are not an artifact of cell culture. at low levels during normal in vivo development, and that
both types of factors are required for normal functional
expression of KCa in vivo. We have previously shownIntraocular Injection of Pan-TGFb Neutralizing
Antiserum Blocks the Functional Expression that b-neuregulin-1 can stimulate whole-cell KCa in E9
CG neurons developing in vitro (Subramony and Dryer,of KCa in CG Neurons Developing In Vivo
If target-derived TGFb regulates the functional expres- 1997). Moreover, b-neuregulin-1 transcripts are expressed
in the preganglionic neurons that innervate the chick CGsion of CG KCa channels, then one would expect that pan-
TGFb neutralizing antiserum would block the normal (Corfas et al., 1995). b-neuregulins are therefore plausi-
ble candidates for the preganglionic nerve terminal±increases in KCa expression that occur during develop-
ment in vivo. In these experiments, pan-TGFb neutraliz- derived KCa stimulatory factor. The hypothesis predicts
that very low concentrations of TGFb1 and b-neuregu-ing antiserum was applied in vivo by intraocular injection
in E9 embryos developing in shell-less culture. Controls lin-1, when applied together, should cause significant
stimulation of KCa. In order to test this prediction, E9 CGwere injected with saline vehicle or nonimmune serum.
Embryos were then allowed to develop ex ovo until E11, neurons were cultured for 12 hr in the presence of 10
pM b1-neuregulin-1 peptide (provided by Dr. Geraldat which time CG neurons on the injected side were
Neuron
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effective and approximately equipotent (Massague, 1990).
However, it should be noted that TGFb1, but not TGFb2
or TGFb3, can stimulate formation of colonies of mouse
astrocytes developing in vitro (Flanders et al., 1993). In
addition, TGFb2 and TGFb3, but not TGFb1, have been
reported to inhibit survival of CG neurons cultured in
the presence of ciliary neurotrophic factor (CNTF) (Flan-
ders et al., 1991). The principle avian homolog of TGFb1
is known as TGFb4 (Burt and Jakowlew, 1988; Burt and
Paton, 1992; Flanders et al., 1998). The active form of
this factor is two amino acids longer than mammalian
TGFb1. It should be noted that TGFb4 transcripts are
expressed in the embryonic chick eye starting at E8 and
Figure 6. Synergistic Stimulation of Whole-Cell KCa by b-neureg- reach maximal levels by E12 (Jakowlew et al., 1992),
ulin-1 and TGFb1 which coincides with the initial appearance of KCa stimu-
E9 CG neurons were cultured for 12 hr in the presence of 25 pM latory activity in iris extracts (Subramony et al., 1996).
TGFb1, 10 pM b1-neuregulin-1 peptide, or both, at which time KCa Unfortunately, recombinant TGFb4 and neutralizing an-
was determined by whole-cell recordings. These concentrations are
tibodies specific for this isoform are not available forsignificantly below those required to evoke significant stimulation
testing. However, specific neutralizing TGFb2 and TGFb3of KCa when either factor is applied alone. Combined application of
antisera failed to block the activity of iris extracts, andboth factors evoked a robust stimulation of whole-cell KCa.
the response to iris extract could be fully occluded by
TGFb1.
Fischbach of the Harvard Medical School), 20 pM re- The observation that the actions of TGFb1 are potenti-
combinant TGFb1, or both factors in combination. Pilot ated by b-neuregulin-1 peptide suggests a model for
experiments indicated that these concentrations are the developmental regulation of KCa in CG neurons. Ac-
considerably lower than are required to observe signifi- cording to this scheme, active forms of TGFb4 and
cant stimulation of KCa when applied by themselves. b-neuregulin-1 are secreted from target tissues and pre-
In contrast, the two factors applied together evoked a ganglionic nerve terminals, respectively, but in insuffi-
significant stimulation of whole-cell KCa (Figure 6), con- cient quantities to stimulate KCa by themselves. Because
sistent with the predictions of the hypothesis. the actions of these factors are synergistic, we propose
that their combined activities are necessary and suffi-
Discussion cient to allow activation of preexisting large-conduc-
tance KCa channels in CG neurons in vivo. This hypothe-
The time course of the developmental expression of sis is consistent with all of the data presented here. It
macroscopic KCa in chick CG neurons coincides with can also explain the time course of the developmental
the formation of synapses with target tissues in the eye expression of whole-cell KCa (Dourado and Dryer, 1992),
(Dourado and Dryer, 1992). CG neurons that develop in and the fact that interactions with target tissues and
vivo or in vitro in the absence of normal target tissues preganglionic nerve terminals are both required for nor-
or target-derived factors do not express a significant mal expression of KCa (Dourado et al., 1994). In this re-
macroscopic KCa, although voltage-activated Ca21 cur- gard, we have observed that b-neuregulin-1 transcripts
rents are expressed at normal levels (Dourado and are expressed in the preganglionic Edinger±Westphal
Dryer, 1992; Dourado et al., 1994; Subramony et al., nucleus as early as E6, but at levels that are somewhat
1996; Subramony and Dryer, 1997). In this study, we lower than in adjacent midbrain cholinergic nuclei that
have presented several independent lines of evidence innervate striated muscles (L. Dryer and S. E. D., unpub-
indicating that the essential target-derived factor is an lished data).
isoform of TGFb. Thus, the actions of target tissue ex- There is a substantial literature suggesting that vari-
tracts on macroscopic KCa currents and single KCa chan- ous isoforms of TGFb and related growth factors can
nels are mimicked by recombinant TGFb1 but not by produce significant trophic and protective activities on
TGFb2 or TGFb3. The actions of iris extracts are blocked vertebrate neurons, glial cells, or their precursors (re-
by a neutralizing antiserum that binds to all TGFb iso- viewed by Flanders et al., 1998). Nearly all of these stud-
forms but not by neutralizing antisera specific for TGFb2 ies have examined the effects of exogenous TGFb iso-
or TGFb3. Moreover, intraocular injection of TGFb1 ac- forms on cultured cells, and the results obtained often
celerates the functional expression of KCa in CG neurons depend on culture conditions (Martinou et al., 1990;
developing in vivo, whereas intraocular injection of pan- Kane et al., 1996). For example, TGFb1 is a powerful
TGFb neutralizing antiserum blocks normal develop- antimitotic and neurogenic agent for neural crest cells
mental increases in KCa. developing in vitro (Sieber-Blum and Zhang, 1997;
The three different TGFb isoforms examined here Zhang et al., 1997). TGFb isoforms also stimulate the
were differentially effective in stimulating the functional proliferation of cultured astrocytes and microglia (Flan-
expression of whole-cell KCa in CG neurons. Thus, of the ders et al., 1993, 1998) and can promote survival of
three isoforms tested, only TGFb1 was active. This type certain populations of vertebrate central neurons grow-
of result, while not typical, is not without precedent. In ing in dissociated cell culture (Martinou et al., 1990;
most model systems, especially in cells of mesenchymal Poulsen et al., 1994; Krieglstein et al., 1995; Unsicker et
al., 1996; Commissiong et al., 1997; Iwasaki et al., 1997).origin, these three TGFb isoforms are usually equally
TGFb and K1 Channel Regulation
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A few studies have also demonstrated protective effects (Xia et al., 1998). It is possible that TGFb1 regulates
of TGFb in vivo following axotomy (Iwasaki et al., 1997) interactions between the 115 pS KCa channels and a
or in various models of cerebral ischemia (Flanders et al., chick dSLIP-1 homolog. It is also possible that some
1998). In the present study, we provide direct evidence other modification of the 115 pS KCa channels, such
based on the actions of neutralizing antibodies that an as channel phosphorylation, takes place as a result of
isoform of TGFb functions as an essential target-derived TGFb1 treatment (Chung et al., 1991); indeed, these
differentiation factor during the normal in vivo develop- mechanisms are not mutually exclusive. However, we
ment of postmitotic vertebrate neurons. have observed that treatment of E9 or E13 CG neurons
There has been considerable recent progress in eluci- with drugs that one might expect to alter channel phos-
dating the transduction pathways for TGFb isoforms phorylation (e.g., forskolin, phorbol esters, and okadaic
and other related cytokines. Thus, members of this su- acid) do not alter the characteristics of whole-cell KCa
perfamily are thought to interact with heteromeric mem- in CG neurons (M. Reiser and S. E. D., unpublished data).
brane receptors with intrinsic serine/threonine kinase In summary, we have presented evidence demonstrat-
activity (reviewed by Baker and Harland, 1997; Heldin ing developmental regulation of KCa by target-derived
et al., 1997). In one well-established cascade, this leads TGFb in chick CG neurons developing in vivo and in
to activation of cytoplasmic intermediary proteins known vitro. The stimulatory effects of TGFb1 are potentiated
as SMADs, which are translocated to the nucleus, re- by b-neuregulin-1, a factor expressed in the pregangli-
sulting in changes in gene expression. Given this, it is onic cells that innervate CG neurons. These factors may
important to note that the stimulatory actions of TGFb1 interact to regulate the electrophysiological differentia-
on CG neurons do not require protein synthesis and tion of CG neurons.
must therefore be mediated at least in part by some
other transduction pathway. More recent studies in epi-
Experimental Proceduresthelial cells have shown that TGFb can activate other
cytoplasmic signaling cascades, including activation of Cell Culture Protocols
ras, MAP kinases, and other protein kinases (Yan et al., CG neurons were dissociated at E9, E11, or E13 as described pre-
1994; Atfi et al., 1995; Hartsough and Mulder, 1995). It viously (Dryer et al., 1991; Dourado and Dryer, 1992; Dourado et al.,
1994; Subramony and Dryer, 1996, 1997; Subramony et al., 1996).is interesting to note that these effects can be observed
Dissociated cells were grown on poly-D-lysine-coated glass cov-within minutes of TGFb application and therefore cannot
erslips in a culture medium consisting of Eagle's minimal essentialrequire changes in transcription. Perhaps these types
medium (BioWhittaker) supplemented with 10% heat-inactivatedof results should not be too surprising, as the actions
horse serum, 2 mM glutamine, 50 U/ml penicillin, 50 mg/ml strepto-
of other growth factors, such as the neurotrophins, are mycin, and 40 ng/ml recombinant rat CNTF (Biosource International).
highly pleiotrophic and can occur over a wide range of These cultures contained ,1% of nonneuronal cells. In some experi-
time scales (Lo, 1995; Berninger and Poo, 1996). The ments, cell culture media also contained iris extracts or trophic
factors, as indicated. Recombinant human TGFb1, TGFb2, andactions of b-neuregulin-1 on KCa of CG neurons are also
TGFb3 were obtained from Sigma or R & D Systems, and b1-neureg-mediated by posttranslational mechanisms, which may
ulin-1 peptide (amino acids 177±246 of human b1-neuregulin-1) wasor may not be similar to those used by TGFb1.
a generous gift of Dr. Gerald Fischbach of the Harvard MedicalThe molecular nature of the channel modifications
School. For experiments designed to test for posttranslational ef-
produced by b-neuregulin-1 and TGFb1 are unknown fects, anisomycin was obtained from Sigma and solutions were
but are currently under investigation. Application of prepared immediately before addition to culture media at a final
TGFb1 caused an increase in the number of large-con- concentration of 0.1 mg/ml. Experiments on acutely dissociated
cells were performed within 3 hr of cell dissociation.ductance (115 pS) KCa channels (N) that could be de-
tected in excised inside-out patches. These results were
in excellent quantitative agreement with macroscopic Preparation and Antibody Neutralization of Iris Extracts
Iris extracts were prepared in Earle's balanced salts (2 irides/ml) asobservations of total KCa. TGFb1 had no effect on Po or
described previously (Subramony et al., 1996). These extracts weremean burst duration. These results are consistent with
usually added to culture media 2±12 hr after preparation. Polyclonalthe theory that TGFb1 acts in part by stimulating move-
neutralizing pan-TGFb antiserum was obtained from Sigma. Thisment of the 115 pS KCa channels from an intracellular antiserum exhibits approximately equivalent cross-reactivity against
store into the plasma membrane (which could also ex- TGFb1, TGFb2, and TGFb3 but no reactivity against other cytokines
plain why activation of the whole-cell currents requires tested. Neutralizing polyclonal antisera specific for TGFb2 and
several hours of TGFb1 or iris extract treatment). In this TGFb3 were obtained from R & D Systems. These antisera exhibit
,5% cross-reactivity with other TGFb isoforms and no cross-reac-regard, at least two different proteins have been recently
tivity against other cytokines tested. In these experiments, iris ex-identified that associate with Drosophila slo channels
tracts were incubated with 4 mg/ml pan-TGFb neutralizing antise-and appear to regulate their intracellular distribution
rum, or 16 mg/ml of neutralizing anti-TGFb2 or anti-TGFb3, for 12
(Schopperle et al., 1998; Xia et al., 1998). One of these hr at 48C with gentle shaking. In most experiments, only one antise-
proteins, known as dSlo-interacting protein (dSLIP-1), rum was applied, but in one set of experiments, iris extracts were
can also interact with mammalian slo proteins. Coex- treated with a combination of anti-TGFb2 and anti-TGFb3, both at
pression of dSLIP1 with Drosophila or human slo chan- 16 mg/ml. Controls consisted of aliquots of the same preparations
of iris extract maintained under identical conditions but in the ab-nels in Xenopus oocytes reduced the number of active
sence of neutralizing antisera. Control or antiserum-treated iris ex-KCa channels in the plasma membrane but had no effect
tracts were then added to culture media (3% v/v), and CG neuronson their voltage or Ca21 dependence (Xia et al., 1998).
were cultured in these media for 12 hr, at which time KCa expressionIn COS7 cells, coexpression of dSLIP-1 caused immuno- was determined by whole-cell recordings. In a different set of con-
reactive human slo channels to exhibit a primarily intra- trols, neurons were also cultured in the presence of neutralizing
cellular staining pattern, while human slo channels ex- antisera but in the absence of iris extracts. Antisera alone had no
effect on KCa expression.pressed alone were clearly present on the cell surface
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Whole-Cell Recordings and Data Analysis dissolved in PBS. Embryos were then allowed to develop until E11,
at which time CG neurons from the ipsilateral side were isolatedRecordings were made using standard methods as described pre-
viously (Dourado and Dryer, 1992; Dourado et al., 1994; Raucher acutely and KCa determined by whole-cell recordings.
and Dryer, 1995; Subramony and Dryer, 1996, 1997; Subramony et
al., 1996). Briefly, 25 ms depolarizing steps to 0 mV were applied Acknowledgments
from a holding potential of 240 mV. Normal external saline consisted
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typically possible to compensate for at least 90% of this without
introducing oscillations into the current output of the amplifier (Axo-
Referencespatch 1D, Axon Instruments). Currents were evoked in normal and
Ca21-free salines (applied by bath superfusion), and the net Ca21-
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